The thermally activated motion of dislocations across fields of obstacles distributed at random and in a correlated manner, in separate models, is studied by means of computer simulations. The strain rate sensitivity and strength are evaluated in terms of the obstacle strength, temperature and applied shear stress. Above a threshold stress, the dislocation motion undergoes a transition from smooth to jerky, i.e. obstacles are overcome in a correlated manner at high stresses, while at low stresses they are overcome individually. This leads to a significant reduction of the strain rate sensitivity. The threshold stress depends on the obstacle strength and temperature. A model is proposed to predict the strain rate sensitivity and the smooth-to-jerky transition stress. Obstacle clustering has little effect on strain rate sensitivity at low stress (creep conditions), but it becomes important at high stress.
Introduction
The motion of dislocations across fields of obstacles was studied extensively in the past in connection with solid solution hardening. The first studies were dedicated to the prediction of the critical resolved shear stress for a population of identical obstacles randomly distributed in the glide plane. The classical result for this problem is due to Friedel [1] who showed that the critical stress scales with the obstacle strength, fc, to power 3/2, while the mean spacing between obstacles in contact with the dislocation line scales with the applied stress to the -1/3 power. The scaling was confirmed by models developed by Morris and Klahn [2] , Hanson and Morris [3] , Labusch [4] and others, and by computer simulations [5, 6, 7] . These analytic models were developed under rather restrictive assumptions of no temporal and spatial correlations of obstacle failure events for given dislocation. Early models also required that the mean angle made by the dislocation line with the glide direction is 90 o on the scale of the mean obstacle spacing. This restriction was relaxed by Labusch [4] ; this led to a significant improvement of the agreement between the analytic and numerical results.
It has been suggested that these assumptions and models are adequate for distributions of weak obstacles which are overcome mostly by the "unzipping" mechanism.
In this context, unzipping refers to the mechanism by which bypassing an obstacle of a stable dislocation configuration leads to bypassing the entire set of obstacles in contact with the dislocation at the respective time. Under these conditions, the dislocation line remains almost straight. As the obstacle strength increases, the spatial fluctuations of the obstacle density have a stronger influence on the dislocation motion and shape. If the critical angle made by dislocation segments at given obstacle at failure becomes smaller than approximately 100 o , the dislocation shape becomes rather rough and loops may be left behind on the glide plane.
It is difficult to capture this type of motion in analytic models.
Several studies addressed the thermally activated motion across fields of random obstacles. In this problem, each obstacle is characterized by an activation enthalpy (which may or may not be the same for all obstacles) and it is sought to determine the free enthalpy of activation for dislocation motion. In general, it turns out that the dislocation motion may indeed be characterized by an Arrhenius-type rate equation, but the activation enthalpy is a complicated function of stress, temperature and obstacle density and strength. The problem was approached analytically by Landau and Dotsenko [8] and Schlipf [9] for systems with random identical obstacles and by Arsenault and Cadman [10] , Zaitsev and Nadgornyi [11] and Schoeck [12] for distributions of obstacles with two different strengths and activation enthalpies. These studies used various simplifying assumptions of which the most important is disregarding spatial correlations between obstacle failure events along given dislocation.
The approach of Schoeck [12] is aimed at relaxing this limitation, but it eventually leads only to asymptotic predictions. Several computer simulations of thermally activated dislocation motion were also performed [13, 14] .
The effect of obstacle distribution on the strength and strain rate sensitivity (SRS) of the material was studied by Olivares and Sevillano [15] and, more recently, by Pretorius and Nembach [16] . The first group considered several obstacle distributions in the form of cells and channels representing dislocation cell structures. They concluded that the random obstacle distribution leads to the largest SRS of all cases studied. The second group presents a study of the influence of obstacle randomness on the critical resolved shear stress and claims that evidence exists that this parameter increases with increasing the degree of randomness.
In this work we revisit some of these issues in order to gain further insight into the effect of obstacle strength and spatial distribution on the SRS of the material. In particular,
we are interested in the regime of large stress and large obstacle strength, for which current analytic models are thought not to apply. This is the regime in which dislocations are expected to overcome obstacles in a correlated manner.
The motivation for this analysis is provided, in part, by our recent experimental results on the SRS of dilute Al-5%Mg alloys [17] . Although the phase diagram of this alloy predicts the separation of the Al3Mg phase at temperatures below ~200 o C, precipitation is sluggish and solute remains largely in solid solution. However, solute structures (clusters) are expected. It has been shown that if these structures are dissolved by a short annealing treatment before testing, the strain rate sensitivity measured at low temperatures is significantly larger (less negative) than that obtained from samples that were not annealed.
The strength of the alloy is not affected by annealing. This indicates that, in addition to the nature of the obstacles, their distribution has an influence on the SRS. It should also be noted that Al-Mg alloys exhibit negative SRS at room temperature, which leads to heterogeneous deformation and reduced ductility. If dynamic strain aging (DSA) is active, the total SRS is given by the positive component associated with the interaction of dislocations with obstacles and the negative contribution from DSA. Hence, if one aims to improve the overall rate sensitivity of the material, increasing the positive component is an option that should be explored.
Model and simulation procedure

The model
Let us consider a random distribution of obstacles of density ρ0. The density yields a characteristic length scale 
where the applied shear stress 
The force applied by the dislocation on the respective obstacle may be computed from the line tension as The specific functional form of g ∆ depends on the physical nature of the obstacle.
This quantity can be determined from atomistic simulations of the specific interaction considered [e.g. 18] . In this study, the functional form used for the activation energy in [8] was selected:
This allows us to compare the results with the analytic model presented in this reference.
The probability that the dislocation overcomes an obstacle is given by the usual Arrhenius form:
where the dimensionless temperature 
The simulation procedure
The "circle-rolling procedure" devised by Foreman and Makin [ 19 ] was modified to implement thermally activated dislocation motion. In each simulation, arrays of approximately 10,000 obstacles were generated and a single dislocation was moved across.
The model is large enough to prevent strong effects due to the periodic boundary conditions used in the direction perpendicular to the glide direction [6, 7] . All obstacles have the same strength and activation enthalpy.
At given stress, each dislocation segment bows out until it meets a new obstacle, equilibrium at one of the two pinning obstacles is lost, or the equilibrium radius * r is reached. A mechanically stable configuration is obtained by verifying these conditions for all obstacles currently in contact with the dislocation, until every dislocation segment reaches equilibrium. The critical resolved shear stress may be identified as the minimum stress at which no stable configuration can be found.
Once a stable configuration is identified under the applied stress . The strain rate sensitivity parameter is evaluated using eqn. (7) and by subjecting the sample in separate simulations to shear In arrays with large obstacle strength, dislocation loops are left behind in the glide plane. The effect of the loops is not considered as the array is continuously regenerated in front of a moving dislocation. The field-mediated interaction of dislocation segments is neglected, and the mechanics is controlled by the line tension only.
A large number of replicas of same obstacle density (ρ0), strength (fc) and distribution were generated by using different random seeds and the results were obtained by averaging over all these realizations.
In the computer code, all obstacles have a user defined data structure which includes the obstacle coordinates, strength and current state (bypassed by the dislocation, in contact or not-yet-in-contact with the dislocation). The dislocation is represented by a twoway linked list. Each node in the list stands for an obstacle in contact with the dislocation.
Information such as the segment length and angle relative to the glide direction, pointers to previous and next obstacles is also included. This information is dynamically updated as the dislocation moves through the array.
Generation of non-random obstacle arrays
Generating obstacle arrays with pre-defined obstacle distribution is not trivial. The distribution is specified by imposing the radial pair distribution function, g(r). This function represents the density of obstacles in an annulus of thickness dr located at distance r from a 
This potential is then used to perform a molecular dynamics simulation in 2D. After equilibration, this produces a pair distribution function ) ( 1 r g , which is different from the target radial distribution function
The potential is then corrected and the procedure is repeated until the convergence of the distribution function to the targeted one. The correction of the potential in the n-th iteration (based on ( ) n g r ) is given by:
If the target radial distribution function has a simple, realistic function form, the procedure converges in several iterations.
Once the potential is determined, many sets of obstacles with desired ( ) arg t et g r may be generated by simply running molecular dynamics in 2D and saving configurations. The "atom" positions define the obstacle array.
Results and discussion
Results for the random and correlated obstacle distributions are presented in sub-sections 3.1 and 3.2, respectively. The normalized SRS variation with the obstacle strength, fc, the temperature, α, and the normalized applied stress, * * / c τ τ is studied. A simple model that assists data interpretation is presented and comparisons are made with relevant experimental and theoretical results.
Random obstacle distributions
The critical resolved shear stress proportional to fc, i.e. the SRS parameter m is proportional to the temperature and inversely proportional to the obstacle strength. The same relationship was found in [7, 13, 15] and seems to agree with experimental data [21] .
When the applied stress is large and for obstacles with fc < 0.6, α m / 1 does not follow the same scaling, rather, m is independent of the obstacle strength fc in this range.
When fc > 0.6, the linear scaling of α
with fc is recovered. To understand this behavior, let us consider an Arrhenius relation for the non-dimensional dislocation velocity [8] :
This expression is postulated based on previous theoretical work and numerical results [7, 13] . It was proven only in the context of weak obstacles, situation in which the assumption of uncorrelated obstacle failure holds. Then, it can be shown that the activation enthalpy for the entire dislocation is identical to that for overcoming an individual obstacle. Ω represents the average distance (normalized by the mean obstacle separation c l ) a dislocation advances from a stable configuration to the next as a result of a single activation event.
Since under these conditions the dislocation line is almost straight, the force acting on an obstacle may be expressed in terms of the applied shear stress as:
The second part of the equation results by using the expression 
The reciprocal strain rate sensitivity has two components: one defined by the stress dependence of Ω , and the other proportional to the obstacle strength and the normalized inverse temperature, α. Referring to the data shown in Fig. 2 , it results that at low applied To gain insight into the origin of these dependencies it is useful to look at the mechanism by which the dislocation moves. At low stresses the dislocation moves by unzipping. When the stress increases, the motion becomes jerky, i.e. the dislocation advances through a series of large jumps and obstacles are overcome in a correlated manner. The magnitude of the jumps depends on the applied stress and is not determined by the length scale lc. A similar result was obtained by Mohles and Ronnpagel [22] when using a stress of * * 9 . 0 c τ τ = . This transition may be observed in animations of the simulated glide process.
Jerky motion of dislocations was also reported in some models of thermally activated dislocation glide [23, 24] and is commonly observed by electron microscopy.
The critical stress at which this transition occurs requires some discussion. Let us consider a dislocation segment pinned at O, P and Q (Fig. 3) . If the dislocation moves by unzipping, as the segment is released from P, a new equilibrium configuration OP'Q is reached; bypassing obstacles O and Q is independent of the event at P. Then, Ω is proportional to the mean area per obstacle (1/ρ0) and is independent of the applied stress. As the applied stress increases, a critical stress is reached (denoted by c * ητ , Also, the distribution of γ is replaced by its mean, i.e. γ = π. Equation (15) Returning to the discussion of the data in Fig. 2 , it results that the validity of eqn. (14) and the underlying assumptions is not conditioned by the obstacle strength per se; rather, it is associated with the unzipping mechanism (uncorrelated obstacle bypassing).
with temperature (1/α) is shown in Fig. 4 . As discussed, at low stress (creep conditions), the second term in eqn. (14) dominates and α m / 1 is independent of temperature [7, 13] . At large stresses, weaker. The random distribution leads to larger m than the square lattice distribution of same obstacle density. This difference is more pronounced for strong obstacles. In [15] it was also reported that the random distribution leads to the largest SRS parameter out of several random and non-random obstacle distributions considered. This issue is revisited in Section 3.2.
In experiments it is observed that the activation volume (eqn. (8)) decreases continuously with stress [25, 26] . The data in [26] can be mapped to a curve with a weak The transition from smooth to jerky dislocation motion at η η = is not reported, to our knowledge, in previous works. Altintas et al. [13] discuss that the deformation is markedly inhomogeneous at low temperatures and becomes homogeneous at low stresses as the temperature increases, while at high stresses, the deformation remains inhomogeneous at all temperatures. In [13] , a set of parallel independent glide planes are considered and what they refer to as heterogeneous deformation is caused by variability from plane to plane, i.e. from realization to realization of the array of obstacles.
Correlated obstacle distributions
Let us consider next distributions of obstacles characterized by additional (larger) length scales. The fundamental length scale associated with the mean obstacle density, τ . These two effects balance each other in the case of weak obstacles. In the case of strong obstacles, the second effect dominates in configuration 1.
* c τ for configuration 2 is identical to that of the random lattice for all obstacle strengths.
The strain rate sensitivity analysis of the two distributions is shown in Fig. 8 for weak (fc = 0.1) and strong (fc = 1) obstacles. Interestingly, for weak obstacles the SRS parameter is identical for the two configurations and identical to that of the random distribution. This is also observed in arrays of strong obstacles (fc = 1), for which all curves are similar at low stress. However, important differences are observed in presence of stronger obstacles at large stresses. Under these circumstances, the additional length scales associated with the obstacle distribution become important. The threshold ratio η appears to be sensitive to the nature of the distribution. These results show that under creep conditions the SRS is only weakly influenced by the distribution of obstacles. At large stresses, the obstacle distribution becomes important. This is actually expected since at large stresses the dislocation bypassed obstacles in a correlated manner (jerky motion) and its motion should be influenced by how obstacles are distributed. These observations also indicate that characterizing the strength and SRS by a single parameter, i.e. the mean obstacle density, is insufficient and that higher moments of the obstacle density distribution must be also considered.
Conclusions
The study presented in this article shows that the analysis of the effect of obstacles on the critical resolved shear stress and strain rate sensitivity can be divided in two parts function of the mechanism by which dislocations move. If the motion is smooth and takes place by unzipping, the strain rate sensitivity is proportional to the temperature and inversely proportional to the obstacle strength. Its variation with the applied stress is predicted by a simple model which also captures several other features of the overall behavior. A threshold stress is identified (and predicted by the model) at which a transition to jerky dislocation motion is observed. During the jerky motion the dislocation bypasses obstacles in a correlated manner. The transition stress increases with the obstacle strength indicating that strong obstacles stabilize the unzipping mode. If the dislocation moves in a jerky fashion, the strain rate sensitivity decreases and becomes rather insensitive to the obstacle strength.
The strain rate sensitivity is greatly affected by spatial correlations introduced in the distribution of obstacles, especially when the dislocation motion is jerky. This parameter is affected more than the critical resolved shear stress. Hence, models aimed at predicting these global measures should account for higher moments of the obstacle density distribution, in addition to the mean density. 
